Plastic wrinkling predictions and shear enforced wrinkling characteristics of Ti-alloy thin-walled tubes under combination die constraints have become key problems urgently in need of solutions in order to improve forming quality in their shear bending processes under differential temperature fields. To address this, a wrinkling wave function was developed by considering their shear bend deformation characteristics. Based on this wave function and the thin shell theory, an energy prediction model for this type of wrinkling was established. This model enables consideration of the effects of shear deformation zone ranges, material parameters, loading modes, and friction coefficients between tube and dies on the minimum wrinkling energy. Tube wrinkling sensitive zones (WSZs) can be revealed by combining this wrinkling prediction model with a thermalmechanical coupled finite element model for simulating these bending processes. The reliability of this wrinkling prediction model was verified, and an investigation into the tube wrinkling characteristics was carried out based on the experimental conditions. This found that the WSZs are located on either a single side or both sides of the maximum shear stress zone. When the friction coefficients between the tube and the various dies coincide, the WSZs are located on both sides. The larger the value of the tube inner corner radius and/or the smaller the value of the outer corner
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Introduction
As a compact, light-weight component with high strength and performance, Ti-alloy thin-walled tubes with ultrasmall bend radii (bend radii and tube diameter ratios <1) integrate structural and material advantages in a way that makes them be widely applicable to aerospace, aviation and related high technology industries. Tube bending is a key technology for manufacturing tube parts, and it has shown a tendency to focus its development on these Tialloy thin-walled tubes. 1 In contrast to the existing rotary draw bending [2] [3] [4] [5] and push bending, 6 a shear bending process under differential temperature fields, as shown in Fig. 1 , has provided an innovative solution to enable the manufacturing of these Ti-alloy thin-walled tubes while decreasing yield strength and improving formability.
In Fig. 1 , a tube is bent first by shear force. After passing along die corners, its bend deformation zone transforms into a vertical segment that enables the transfer of shear force to the tube blank. This vertical segment is subjected to a shear stress where there is an evident shear deformation zone. Both sides of the shear deformation zone are subjected to a compressive stress respectively, and thus the tube can possibly wrinkle. Fig. 2 shows the tube's shear enforced wrinkling defects. 7, 8 The probability of tube wrinkling grows with the increases in tube diameter and decreases in bend radius. The tube forming processes need combination dies and differential temperature fields to act in coordination. Thus, the plastic wrinkling predictions and shear enforced wrinkling characteristics of Ti-alloy thin-walled tubes have become problems that urgently need to be solved in order to improve forming quality and achieve forming limits in these shear bending processes. A great deal of research about the predictions of shear enforced wrinkling has been carried out mainly in plates or membranes under simple boundary conditions, [9] [10] [11] [12] however, there are hardly any published studies on the plastic wrinkling predictions of shear enforced tubes under combination die constraints and differential temperature fields.
Over the last several decades, three kinds of methodologies have been used for determining the critical conditions of wrinkle onset in order to predict plastic wrinkling in sheet and/or tube metal forming processes. These consist of an experimental approach, a bifurcation theory and an energy method.
(1) The experimental approach is based on critical wrinkling displacement or strain fields measured online in metal forming processes. Yoshida 13 developed a buckling test, and the critical amplitudes of buckling are measured to estimate a sheet's anti-wrinkling abilities in an unequal stretch process. Narayanasamy and Loganathan 14 studied the wrinkling in the deep drawing process of circle cup parts without blank holding pressure constraints, and the critical hoop strains and radial strains ratios of wrinkling zones had been used for estimating wrinkling. (2) The bifurcation theory is based on the bifurcation functionals proposed by Hill 15 or Hutchinson 16 . When the solutions of their variation equations are nonzero, wrinkling occurs. Kim et al. [17] [18] [19] combined Hill's bifurcation theory and a continuation method proposed by Riks 20 for post bifurcation analysis along a secondary solution path with an implicit finite element (FE) code. The deep drawing process of a cone part and the Yoshida buckling test process were simulated by using this modified code, and the critical displacement fields in these two processes had been acquired. Chu and Xu 21 simplified the sheet deep drawing process as a two dimensional problem, and analyzed the critical wrinkling stresses by using the bifurcation theory. Based on Hutchinson's functional, Abbasi et al. 22 analyzed the flange of tailor welded sheets, and Pourmoghadam et al. 23 analyzed the critical blank holding pressures of anisotropic laminated sheets. Ravindra and Dixit 24 combined Hill's functional with the implicit FE method, and considered the determinants of the coefficient matrixes of its variation equations as the critical wrinkling conditions of the flanges of square cup parts.
The explicit FE method enables simulations of post bifurcation behaviors along a secondary solution path in forming processes, and its essence is also based on the bifurcation theory. This method enables the determination of critical displacement and/or strain fields, and its prediction precision mainly depends on element types, meshing densities and the initial imperfection of geometric shapes. [25] [26] [27] The increases in the meshing densities and the introduction of initial imperfection have been able to improve wrinkling prediction precision, but both ways have increased FE analysis time costs. The shear bending processes of Ti-alloy thin-walled tubes under differential temperature fields are typical thermal-mechanical coupled processes, and the improvement of computational efficiency has been a challenging issue in their simulations.
(3) The energy method assumes that the wrinkling occurs when the minimum wrinkling energy of the sheets and/ or shells DU min equals the work done by the external forces DW. Yu et al. 28, 29 analyzed critical wrinkling stresses of the flanges of circle cup parts. Cao et al. 30, 31 analyzed those flanges and the side walls of cone parts. Morovvati et al. 32 analyzed those of two-layer sheets.
The energy method has been more effective in establishing the critical conditions of wrinkling onset in thin shell metal forming processes compared with the bifurcation theory. Sun and Yang 33 established critical forming forces in the tube axial compressive processes. Wang and Cao 34 predicted the wrinkling in the numerical control (NC) bending processes of small diameter tubes based on the Donnell-Mushtari-Vlasov shell theory. Yang and Lin 35 analyzed the critical bend radii in the NC bending processes of different diameter tubes based on the more precise wrinkling wave function. Liu et al. 36 analyzed the critical wrinkling stresses of side walls in the hydroforming processes of thin-walled tube teejoints.
It is difficult to simulate these post bifurcation behaviors by only using the implicit FE method, and thus it is necessary to combine established critical conditions with the FE code for wrinkling predictions in forming processes. Wang and Cao 37, 38 predicted the wrinkling by combining the critical wrinkling stresses with the implicit FE model for simulating the deep drawing processes. Lin et al. 39 combined the wrinkling energy model with the rigid-plastic FE model for simulating the tube NC bending processes, and first predicted the tube wrinkling by using the wrinkling factor DW/DU min for indicating the tube wrinkling probability. By combining the wrinkling energy model under multi-die constraints with the dynamic explicit FE model for simulating the NC bending processes of large diameter thin-walled aluminum alloy tubes, Li and Yang et al. 40, 41 revealed the tube wrinkling sensitive zones (WSZs) and predicted the tube wrinkling accurately and efficiently by using the wrinkling factor. They found that this wrinkling index is insensitive to both the mesh densities and initial imperfection. In addition, this index considers comprehensively the effects of both critical wrinkling stresses and the WSZs on wrinkling to enable more accurate descriptions of material wrinkling characteristics in forming processes.
Ti-alloy thin-walled tubes are covered by combination dies in their shear bending processes under differential temperature fields, and thus it is difficult to measure the critical displacement and/or strain fields of their wrinkling online. Critical conditions determined only by using an analytical approach cannot consider the effects of several vital parameters of wrinkling, such as the WSZs, and the complicated thermalmechanical coupled dynamic contact behaviors between the tubes and the various dies. It is also difficult to solve these complicated contact problems by using the implicit FE method due to the deteriorated convergence in each iteration procedure. Thus, a wrinkling wave function was developed by considering the tube shear bend deformation characteristics. Based on this wave function and the thin shell theory, an energy prediction model of wrinkling was established, and the wrinkling factor was used for the wrinkling index. The WSZs were revealed by combining this wrinkling prediction model with a thermal-mechanical coupled explicit FE model for simulating tube shear bending processes, and an investigation of their wrinkling characteristics was carried out based on experimental conditions.
Research methodology

Experimental process
Shear bending experiments of the TA2 Ti-alloy thin-walled tubes under differential temperature fields were performed, and the experimental apparatus included forming dies, a cooling system and a hot forming press, as shown in Fig. 3 . The cooling gas source linked to the forming dies by a metal tube supplying the argon. The thermal physical properties of TA2 tube are listed in Table 1 , 42 and the tube shear stress constitutive parameters in Table 2 . 43 The constitutive equation was defined as r ¼ KðTÞ e nðTÞ _ e m 00 ðTÞ , where r is the equivalent stress, e is the equivalent strain, and _ e is the equivalent strain rate. A tube and the forming dies were heated by the press platforms, and their temperatures were measured by a thermocouple inserted in a fixing bending die. Transfer mechanisms were the heat conduction between the tube and the dies, the heat convection between the tube and its ambience, mainly the air and the cooling gas flow, and the thermal radiation between them.
The tube blank shown in Fig. 4 was used for the prevention of wall thinning. The surfaces of both the half tube with a slope end and the die cavities were lubricated by an air dry solid film lubricant (T50) to decrease the friction coefficients between them, while the surfaces of the other half tube were unlubricated. A tube segment with a length 70 mm from the slope end was inserted into the cavity of the fixing bending die, and the other segment was inserted into the moving die cavities. The experimental parameters are listed in Table 3 .
Fig. 3
Shear bending apparatus of Ti-alloy thin-walled tubes under differential temperature fields.
Plastic wrinkling model and characteristics of Ti-alloy thin-walled tubes A tube part is shown in Fig. 5 , and shear enforced wrinkling can be observed in the vertical tube segment. The tube insertion length was so short that the slope end was not supported by the fixing dies, and only a single side of the vertical segment was loaded by shear force, defined as a single side loading mode (SSLM). The shear deformation material there increased greatly and thus increased shear stress. The larger the shear stress, the larger the compressive stress. As a result, tube wrinkling probability largely increased, and the tube wrinkled.
When the insertion length was changed to 100 mm, both sides of the vertical segment were loaded by shear force, defined as a both sides loading mode (BSLM), and tube part forming was stable, as shown in Fig. 6 . In this process, both tube ends were supported by the dies without exerting an axial load on the tube end and the like was seen in the literature, 7, 8 and the shear deformation material distributed more evenly there, which prevented the increases in shear stress. Thus, the tube wrinkling probability was smaller than the SSLM.
FE model
A three dimensional (3D) elastic-plastic thermal-mechanical coupled FE model for simulating shear bending processes of Ti-alloy thin-walled tubes under differential temperature fields was established based on a dynamic, explicit, thermalmechanical module in the ABAQUS software environment. Fig. 7 shows a representative FE model for simulating these processes. In this model, the half bodies of a tube and the forming dies' cavities are modeled considering their geometric symmetry. The tube is a deformable body discretized by the 1 mm Â 1 mm thermal-mechanical, eight-node, doubly curved thin shell elements considering reduced integration and hourglass control. The forming dies are simplified as rigid bodies, with constraints, discretized by the same thin shell elements.
A material model used in the simulation is an isotropic, homogeneous, elastic-plastic material following the von-Mises yield criterion, with the isotropic work hardening and without the Bauschinger effects taken into account. The relationships between the constitutive parameters and the temperatures are listed in Table 2 .
The displacement components of both the fixing bending die and the fixing mandrel are 0 mm along all degrees of freedom, while a shear velocity is exerted on both the moving bending die and the moving mandrel only along the Y direction. The displacement component of the tube's symmetrical central plane is 0 mm only along the Z direction, and the others are unconstrained.
The contact behaviors between the fixing/moving mandrels and the tube's inside surface, and/or between the fixing/moving bending dies and the tube outside surface, are simulated by using contact pair algorithms. The tangent behaviors between them are described by the Coulomb friction model. 44 Friction Table 1 TA2 tube thermal physical properties. 42 No.
T 
22000.00
Unforced convection coefficient between tube and ambient, h ta (WÁm À2 Á°C À1 )
2.00
Compulsory convection coefficient between tube and ambient, h 0 ta (WÁm À2 Á°C À1 ) 25.00-100.00 Tube radiation coefficient, p t (WÁm À2 Á°C À1 ) 0.60 Die radiation coefficient, p d (WÁm À2 Á°C À1 ) 0.80 Friction coefficient between tube and fixing dies, f tf 0.12 Friction coefficient between tube and moving dies, f tm 0.17 heat generation was considered in the definitions of the contact properties between them.
The values of the initial temperature fields of the tube and the forming dies are the same as their preheated temperatures, and their distributions are simplified for uniformity without considering the thermal resistances of the dies. Simulation of changes in tube temperature fields is performed by defining the heat transfer parameters in the heat conduction processes between the tube and the different dies, the heat convection processes between the tube and its ambience, and the thermal radiation processes between them. The relationship between the ''clearance" and the ''conduction coefficient" is used to define heat conduction. Both the ''temperature difference" and the ''convection coefficient" are used to define heat convection. The ''temperature difference" and the ''radiation coefficient" are used to define thermal radiation. In the litera-ture, 43 the reliability of this FE model has been verified by the experimental results.
Wrinkling energy model
Shell energy model
Based on the wrinkling mode of shear enforced Ti-alloy thinwalled tube observed in this experiment, and the thin-shell theory, 45 a shear enforced wrinkling energy model of a cylinder shell can be established.
The shell model is shown in Fig. 8 . The range of the shear deformation zone along the X direction is DX ¼ X 1 À X 0 , and X 0 is a starting point along this direction of the vertical shear deformation zone. Along the h direction, its range is Dh ¼ h 1 À h 0 , and h 0 is its starting point. These two starting points are both determined by performing FE analyses of the shear bending processes.
The shell geometrical equation is as follows:
where X, h, and Z are the curve coordinate systems on the shell middle plane; e X , e h and c Xh are the strain components; j X , j h and j Xh are the curvature change components; u, v and w are the displacement components; r is the tube radius. The shear enforced wrinkling energy of the shell is as follows:
where
is the reduced module; E t ¼ d r=d e is the tangent module; m 0 is the Poisson ratio (the value is 0.5 because of the volume conservation in the plastic deformation). According to the literature, 35 the tube wave function is assumed to satisfy Eq. (3), and its boundary conditions considering X 0 = 0 mm: (1) when X = X 0 , X = X 1 À X 0 , w = 0; (2) when X = X 0 , X = X 1 À X 0 , @w @X ¼ 0.
When the range of the vertical shear deformation zone reaches X, the tube becomes wrinkled. According to the small deflection assumption, its displacement along the X direction is as follows:
Substitute Eq. (3) into Eq. (4), and the result is as follows:
where R 0 is the bend radius, and R 0 = r i + r; Du is the range of the maximum tangent compressive stress in the tube intrados determined by performing the FE analyses; m is the wave number; and C is the shear angle as shown in Fig. 9 .
The shear features of the real wrinkling wave are obvious, and so the wave function shown in Eq. 
where k > 0 and b > 0 are the shear coefficients used for indicating the shear deformation degree of the wave along the X direction, and they are determined by performing an analysis of the real wave shape. Therefore, the effects of both the w and the u should be considered in the shear enforced wrinkling energy model, and according to Eq. (7),
Substitute Eq. (8) into Eq. (1), and the result is as follows:
Thus,
Critical wave number
According to the literature, 46 for the infinitesimal body in the shear deformation zone shown in Fig. 8 , the following equation can be established when the shear enforced wrinkling occurs:
where N X is the membrane force along the X direction in the middle plane. Substitute Eq. (3) into Eq. (11), and the membrane force is deduced as follows:
When @NX @m ¼ 0, it is found that
where k 0 > 0 defines the effects of the shear deformation on the critical membrane force orientation. By substituting Eq. (13) into Eq. (10), the minimum shear enforced wrinkling energy DU min can be determined. Substitute Eq. (13) into Eq. (12), and the critical stress of shear enforced wrinkling onset is as follows:
From Fig. 9 , the shear deformation zone is subjected to the tension and shear stresses, and they are calculated respectively by Eqs. (15) and (16) . where r X is the tension stress; s Xh is the shear stress; r u is the maximum tangent compressive stress on tube intrados determined by performing the FE analyses of the shear bending processes; l is the length of the less sheared zone 7 ; l is the average friction coefficient between the tube and the die corners; d is the load coefficient, defined for the SSLM (1) as d = 1 and for the BSLM (2) as d = 2.
The principle stress in the shear deformation zone is as follows:
When the shear enforced wrinkling occurs,
Thus, The minimum wrinkling energy DU min of the WSZs and the work done by the external force DW are calculated respectively, and then the wrinkling factor DW=DU min is determined for measuring the tube wrinkling probability. The critical condition of wrinkling onset is DW=DU min P 1, otherwise tube formation is stable. Work DW is defined as follows:
where m 0 is the element number of the plastic shear deformation zone; r i is element average equivalent stress; e i is element average equivalent strain; dV i is the element volume.
The minimum wrinkling energy
Wave function parameter identification
Shear angles are determined by measuring the digital 3D geometric models of the Ti-alloy thin-walled tubes with the different diameters, as shown in Table 4 .
By the comparing the real wave shape shown in Fig. 11 and the wave function shown in Eqs. (6) and (7), the k = 50.30, and b = 0.58 are determined. Fig. 11 shows the comparison between them. It can be found that the wave function enables a reliable description of the real wave shape. Fig. 12 shows the effects of the shear deformation zone range on the minimum wrinkling energy DU min . It can be found that (1) the larger the ratio of the X direction range and the tube diameter DX/D, the smaller the value of DU min ; the larger the value of the h direction range Dh, the larger the values of DU min , and the larger the ratios of DX/D corresponding to the low energy. For the BSLM, when DX/D > 0.80, DU min < 40 J indicating the tube's small anti-wrinkling abilities (see Fig. 12(a) ). For the SSLM, when DX/D > 0.50, DU min < 40 J (see Fig. 12(b) ). (2) The values of DU min for the SSLM are smaller than the BSLM, and thus the tube's anti-wrinkling abilities for SSLM are also smaller. According to Eq. (14), the critical stress for the SSLM is smaller, which indicates reduced anti-wrinkling abilities. Thus, the established critical wave number, m cri is reliable. (3) The smaller the value of DX/D, the larger the effects of the h direction range on the minimum wrinkling energy. Fig. 13 shows the effects of preheating temperature T on the minimum wrinkling energy DU min . It can be found that the larger the value of T, the larger the values of DU min , but, the effects of the temperatures are small. The larger the ratio of DX/D, the smaller the values of DU min . The smaller the value of T, the smaller the ratios of DX/D corresponding to small anti-wrinkling abilities. In essence, the above results reflect the effects of temperature on the constitutive parameters of the TA2 tube (see Table 2 ). 
Effect of shear deformation zone range
Effect of preheating temperature
Effect of tube diameter
Effect of wall thickness
WSZs and verifications
Based on the experimental conditions listed in Table 3 , the FE model was established for simulating the TA2 tube shear bending processes, and the WSZs ranges corresponding to the maximum wrinkling factor DW=DU min ð Þ max were determined.
2.6.1. BSLM Fig. 17 shows an illustration of the WSZs searching ranges. It can be found that, for the BSLM, the lower side and the upper part of the tube's vertical segment are both sheared, and the two sides of the shear deformation zone both have wrinkling possibilities. Thus, the boundaries of the both sides are defined as the 0 points from which the WSZs ranges are searched. Fig. 18 shows the effects of the shear deformation zone ranges on the wrinkling factor DW/DU min . It can be found that, with the increase of value in the X direction range DX, the ratios of DW/DU min increase at first, and then remain stable (see Fig. 18(a) ). It can be found that, from Fig. 18(b) , (1) when Dh 2 [0.65, 1.37] rad, the larger the value of the h direction range Dh, the smaller the ratios of DW/DU min for both sides; the wrinkling probability of the lower side is less than the upper side. (2) When Dh 2 [0.50, 0.55] 2 rad, ratios of DW/DU min will peak, and the wrinkling probability of the lower side is reduced. (3) When Dh = 0.50 rad, the ratio DW/DU min of the upper side is at maximum. The reasons for this are that the larger the value of Dh, the larger the values of the minimum wrinkling energy DU min ; when Dh < 0.50 rad, the increments of the external work DW are larger than the ones of DU min , and both the tube slope end and the small friction between the tube and the fixing dies enable decreased contact between them, which means the increments of DW on the upper side are larger than the lower side. While Dh > 0.50 rad, the increments of DW are smaller than those of DU min , and thus the ratios of DW/DU min decrease gradually. Under experimental BSLM, the WSZ ranges are determined as Dh = 0.50 rad and DX = 25.00 mm, located on the upper side. From Fig. 19 , it can be found that their ranges are basically identical to the maximum shear stress boundaries. (DW/ DU min ) max = 0.35 indicates that tube forming is stable, as verified by the experimental result (see Fig. 4 ).
SSLM
For SSLM, shear enforced tube wrinkling was observed in the experiment and was the same as the simulation result of the FE model (see Fig. 20 ). Thus, the established FE model for simulating this process is reliable. The stress-strain fields acquired from the FE analyses enable accurate calculations of the external work DW.
From Fig. 21 , it can be found that, for the SSLM, the WSZ ranges are determined as Dh = 0.75 rad and DX = 28.00 mm, and their ranges are also basically identical with the boundaries of the maximum shear stress zone (see Fig. 22 ). (DW/ DU min ) max = 1.36 indicates that the tube is wrinkling and the prediction result is the same as the experimental one. This is because the increases in the WSZ ranges under the SSLM Fig. 16 Effect of inner corner radius on the minimum wrinkling energy (T = 400°C, D = 32 mm, t = 1.5 mm). result in increases in the values of DW, and the values of DU min are much smaller than in BSLM (see Fig. 12(b) ). Thus, the ratio of DW/DU min increases greatly, and the tube wrinkling probability is higher.
Results and discussions
Based on the determined WSZ ranges and the experimental conditions listed in Table 3 , the effects of the processing parameters on shear enforced wrinkling characteristics of the TA2 tubes are studied by using a single parameter rotation method. The wrinkling factor DW/DU min is calculated by using the methodology shown in Fig. 10 . Fig. 23 shows the effects of the clearance between the tube and the mandrel C tm on the wrinkling factor DW/DU min . It can be found that, with the increases in the value of C tm , the wrinkling possibility first increases and then decreases. When C tm = 0.6 mm, the ratio of DW/DU min reaches its peak. The reason for this is that when C tm 6 0.6 mm, the increases of C tm value enable decreases in contact interactions between the mandrels and the tubes, and thus change the tube displacement fields of the different zones (see Fig. 24 ). While the displacements of the A zones along the ''Y" direction increase (see Fig. 25(a) ), the displacements of the B zones decrease (see Fig. 25(b) ).
Effect of clearance between tube and mandrel
The increases in the materials transferring from the A zones to B zones enable the increases in the maximum shear stresses, and thus both the value of the external work DW and the ratio of DW/DU min increase. When C tm > 0.6 mm, the contact interactions between the mandrels and the tubes largely decrease, and thus the materials in B zones increase more and more. The unequal deformation degrees around the die corner zones increase greatly, resulting in decreases in the shear forces exerted on the tubes by the mandrels. Thus, the maximum shear stresses decrease, and both the value of DW and the ratio of DW/DU min decrease. Fig. 26 shows the effect of the clearance between tube and bending die C tb on the wrinkling factor DW/DU min . It can be found that, with increasing value of C tb , the ratio of DW/DU min at first increases and then decreases, similar to the effect of the value of C tm . When C tb = 0.6 mm, the ratio of DW/DU min peaks. Fig. 27 shows the effects of the moving die displacement H on the wrinkling factor DW/DU min . It can be found that with the increases in the value of H, tube wrinkling probability at first increases and then decreases. When H = 44 mm, the ratio of DW/DU min peaks. This is because when H 6 44 mm, larger value of H corresponds to larger value of DX, which results in the decreases in the values of DU min (see Fig. 12(a) ). Meanwhile, larger value of H means more shear deformation materials, which results in increases in both the maximum shear stress and the value of the external work DW. As a result, the ratio of DW/DU min increases. When H > 44 mm, the degree of wall thinning and the flattening of the tube's vertical segments both increase, and a necking phenomenon is observed in the experimental process (see Fig. 28 ). This phenomenon enables decreases in the shear forces, and thus both the maximum shear stress and the value of DW decrease (see Fig. 29 ). Changes in the value of DW are larger than the minimum wrinkling energy DU min , and thus the ratio of DW/ DU min decreases. Fig. 30 shows the effects of the preheating temperature T on the wrinkling factor DW/DU min . It can be found that the larger the value of T, the smaller the value of DW/DU min . This is because the larger the value of T, the larger the value of DU min (see Fig. 13 ) and the smaller the value of DW. Fig. 31 shows the effects of the outer corner radius r o on the wrinkling factor DW/DU min . It can be found that the smaller the value of r o , the smaller the ratio of DW/DU min . This is because the smaller the value of r o , the smaller the interaction areas between the outer corners and the tubes, which enables decreases in the shear forces exerted on the tubes. Thus, decreases in both the maximum shear stress and the value of DW enable decreases in the value of DW/DU min . 3.6. Effect of inner corner radius Fig. 32 shows the effects of the inner corner radius r i on the wrinkling factor DW/DU min . It can be found that the larger the value of r i , the smaller the ratio of DW/DU min . This is because with larger the value of r i comes larger value of the minimum wrinkling energy DU min (see Fig. 16 ); the value of the external work DW increases, but the increments of DW are smaller than DU min . Thus, the ratio of DW/DU min decreases. Fig. 33 shows the effects of the friction coefficient between the tube and the fixing dies f tf on the wrinkling factor DW/DU min . It can be found that with increases in the value of f tf , the ratio of DW/DU min at first decreases and then increases. When f tf = 0.17, the ratio of DW/DU min is at its minimum. This is because with increases in the value of f tf , the materials on the upper sides of the maximum shear stress zones decrease. Thus, decreases in both the maximum shear stress and the value of external work DW enable decreases in the ratio of DW/DU min . Meanwhile, the shear materials of the lower sides increase. Thus, increases in both the maximum shear stress and the value of DW enable the increases in the ratio of DW/DU min . As shown in Fig. 34 , when f tf < 0.17, the wrinkling probability of the upper sides is larger than the lower sides; when f tf = 0.17, the shear materials of the upper sides are equal to the lower sides, and thus the WSZs are located on the both sides of the shear deformation zones; when f tf > 0.17, the wrinkling probability of the upper side is less than the lower side. Fig. 35 shows the effects of the friction coefficient between the tube and the moving dies f tm on the wrinkling factor DW/ DU min . It can be found that, with the increases in the value of f tm , the ratio of DW/DU min at first decreases and then increases. When f tm = 0.12, the ratio of DW/DU min is at its minimum. This is because with increases in the value of f tm , shear materials on the lower sides of the maximum shear stress zones decrease. Thus, decreases in both the maximum shear Fig. 32 Effect of inner corner radius on wrinkling factor. stress and the value of the external work DW enable decreases in the ratio of DW/DU min . Meanwhile, the shear materials of the upper sides increase. Thus, increases in both the maximum shear stress and the value of DW enable increases in the ratio of DW/DU min . As shown in Fig. 36 , when f tm < 0.12, the wrinkling probability of the lower side is greater than the upper side; when f tm = 0.12, the shear materials of the upper sides are equal to the lower sides, and thus the WSZs are located in the both sides of the shear deformation zones; when f tm > 0.12, the wrinkling probability of the upper side is higher than the lower side.
Effect of clearance between tube and bending die
Effect of moving die displacement
Effect of preheating temperature
Effect of outer corner radius
Effect of friction between tube and fixing dies
Effect of friction between tube and moving dies
Conclusions
(1) Based on the wave function of tube shear enforced plastic wrinkling and the thin shell theory, a reliable energy prediction model for this type of wrinkling was established. This model enables the effects of shear deformation zone ranges, material parameters, loading modes, and friction coefficients between tube and various dies with the minimum wrinkling energy to be considered. (2) The larger the value of the vertical segment length of the shear deformation zone, the smaller the value of the minimum wrinkling energy; the larger the value of the circum range of the shear deformation zone, the larger the values of both the minimum wrinkling energy and its vertical segment length corresponding to small antiwrinkling abilities; the smaller the value of the vertical segment length, the larger the effects of the circum range on the minimum wrinkling energy. Both the antiwrinkling abilities under the SSLM and the vertical segment lengths corresponding to the small anti-wrinkling abilities are smaller than the BSLM. The larger the value of the preheating temperature, the larger the value of the minimum wrinkling energy, but its increments are small; either larger values of tube diameter or smaller values of wall thickness lead to smaller values of both the minimum wrinkling energy and its increments; the vertical segment lengths corresponding to the small antiwrinkling abilities are not sensitive to changes of wall thickness and circum range. The smaller the value of the inner corner radius, the smaller the value of the minimum wrinkling energy, and its increments are basically constant. (3) The WSZs are located in the upper side or both sides of the maximum shear stress zones. When the friction coefficients between the tube and the various dies coincide, the WSZs are located on both sides. The WSZs ranges under the BSLM are smaller than SSLM. (4) With the increases in the value of the clearance between the tube and the mandrel, the value of the wrinkling factor at first increases and then decreases. When the clearance value is 0.6 mm, tube wrinkling probability is at maximum. With increases in value of the clearance between the tube and the bending die, the value of the wrinkling factor at first increases and then decreases. With the increases in the value of the moving die displacement, the value of the wrinkling factor at first increases and then decreases. When the displacement value is 44 mm, tube wrinkling probability is at maximum. The larger the value of either the inner corner radius or the preheating temperature, the smaller the value of the wrinkling factor. The smaller the value of the outer corner radius, the smaller the wrinkling probability. With increases in the friction coefficients between the tube and various dies, the value of the wrinkling factor at first decreases and then increases. When the friction coefficients between the tube and various dies coincide, tube wrinkling probability is minimized.
The shear enforced wrinkling energy prediction model established in this study is helpful for understanding the wrinkling mechanisms of Ti-alloy thin-walled tubes under combination die constraints and differential temperature fields. The results enable improvements in the forming limits of TA2 tubes.
